Utah State University

DigitalCommons@USU
All Graduate Theses and Dissertations

Graduate Studies

5-2022

Improved Digital Image Correlation Techniques at High Speed and
High Temperature
Lindsey J. Rowley
Utah State University

Follow this and additional works at: https://digitalcommons.usu.edu/etd
Part of the Mechanical Engineering Commons

Recommended Citation
Rowley, Lindsey J., "Improved Digital Image Correlation Techniques at High Speed and High Temperature"
(2022). All Graduate Theses and Dissertations. 8453.
https://digitalcommons.usu.edu/etd/8453

This Thesis is brought to you for free and open access by
the Graduate Studies at DigitalCommons@USU. It has
been accepted for inclusion in All Graduate Theses and
Dissertations by an authorized administrator of
DigitalCommons@USU. For more information, please
contact digitalcommons@usu.edu.

IMPROVED DIGITAL IMAGE CORRELATION TECHNIQUES AT HIGH SPEED AND
HIGH TEMPERATURE
by
Lindsey J. Rowley
A thesis submitted in partial fulfillment
of the requirements for the degree
of
MASTER OF SCIENCE
in
Mechanical Engineering

Approved:

____________________
Ryan B. Berke, Ph.D.
Major Professor

____________________
Thomas Fronk, Ph.D.
Committee Member

___________________
Nadia
___ Kouraytem, Ph.D.
Committee Member

____________________
D. Richard Cutler, Ph.D.
Interim Vice Provost
of Graduate Studies

UTAH STATE UNIVERSITY
Logan, Utah
2022

ii

Copyright © Lindsey Rowley 2022
All Rights Reserved

iii
ABSTRACT

Improved Digital Image Correlation Techniques at High Speed and High Temperature
By
Lindsey J. Rowley, Master of Science
Utah State University, 2022

Major Professor: Dr. Ryan Berke
Department: Mechanical and Aerospace Engineering
In extreme environments, such as hot-fire rocket testing, gathering strain data can
be challenging due to temperature constraints. Traditional methods for measuring material
deformation such as strain gages cannot withstand the extreme temperature and tend to
burn off. To better collect data in these environments, non-contacting methods such as
Digital Image Correlation (DIC) are preferable. DIC is an optical method of measuring
full-field strains by tracking the deformation of a speckle pattern applied to the surface of
a deforming object. When used at temperatures above approximately 500°C, one concern
is light emitted as blackbody radiation which may saturate the camera sensor. The emitted
light is known to be brighter at longer wavelengths, and therefore a popular approach is to
perform high temperature DIC using shorter wavelengths such as ultraviolet light.
However, in a high-speed environment, UV-DIC has not previously been used as most
high-speed cameras do not detect UV light. In the first portion of this thesis, UV-DIC is
demonstrated at high speed using a UV intensifier attached to a high-speed camera.
Furthermore, for some materials used in the tracking pattern, a specimen which was
initially speckled with a dark background and a light speckle at room temperature may then
invert at high temperatures appearing as a bright background with a less bright speckle.
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Recent studies show that this inversion can be mitigated by subtracting two images one
containing emitted light and one containing emitted and reflected light. By subtracting
these images, one can obtain an artificial un-inverted image containing only reflected light,
which can then be correlated against an image at room temperature. With the subtraction
method no motion can occur between the subtracted images, thus limiting the approach to
quasi-static measurements. In the second portion of this thesis, an alternative approach is
demonstrated using a color camera paired with a blue light source. The green channel
provides the inverted speckle image while the blue channel provides the base un-inverted
speckle image, thus removing the need for both images to be taken simultaneously. Such a
method is able to collect data during faster experiments.
(82 pages)
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PUBLIC ABSTRACT

Improved Digital Image Correlation Techniques at High Speed and High Temperature
Lindsey J. Rowley

In extreme environments, such as hot-fire rocket testing, gathering strain data can
be challenging due to temperature constraints. Traditional methods for measuring material
deformation such as strain gages, a small device attached to a test specimen, cannot
withstand the extreme temperature and tend to burn off. When these situations occur noncontacting methods such as Digital Image Correlation (DIC) are preferable. DIC is an
optical method of measuring strains across the material’s entire surface by using a camera
to track the deformation of a speckle pattern applied to the surface of a deforming object.
When used at temperatures above approximately 500°C, the light emitted may saturate the
camera image. A popular approach to high temperature DIC is to collect light in shorter
wavelengths than emitted by the specimen, such as UV light. However, in a high-speed
environment, UV-DIC has not previously been used as most high-speed cameras do not
detect UV light. In the first portion of this thesis, UV-DIC is demonstrated using a device
known as a UV intensifier that can essentially convert UV light into visible light that a high
speed camera can detect.
Furthermore, for some materials used in the tracking pattern, a specimen initially
speckled with a dark background and a light speckle at room temperature may then invert
at high temperature to appear as a bright background with a less bright speckle. It was
recently shown that this inversion can be mitigated by subtracting two images one
containing emitted light and one containing emitted and reflected light. With the
subtraction method no motion can occur between the subtracted images, limiting the
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approach to quasi-static measurements. In the second portion of this thesis, another
approach is demonstrated which uses a color camera paired with a blue light source. Since
color images can be split into the three color spaces red, green, and blue, the green data
provides an inverted speckle image while the blue data provides an un-inverted speckle
image, thus removing the requirement that both image be subtracted, and allowing data
collection during faster experiments.
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CHAPTER 1
INTRODUCTION

When measuring material properties in extreme environments, it is often difficult
to use methods that involve contact with the material in question [1]. An example of such
an environment is during a hot-fire rocket test [2]. During these tests, conventional
contacting methods such as strain gages become difficult to use because the strain gages or
the adhesives burn off [3]. In these cases, a non-contacting measurement method such as
Digital Image Correlation (DIC) is a useful tool [4]. DIC is an optical method of
measurement, and because optical methods are non-contacting, they allow for a standoff
distance such that material data can be collected without the measurement device (a
camera) being exposed to the same extreme environment that the specimen undergoes [5].
To perform DIC, the specimen is speckled with a thin layer of paint, which is assumed to
have negligible effect on the deformation of the underlying specimen [6]. Then, throughout
the test, a camera records images of the speckle pattern as it deforms. The collected images
are then processed using a computer algorithm that can quantify the deformations [7].
Relative to strain gauges, DIC has many advantages. DIC collects full field data
allowing for a deformation measurements across an entire specimen as opposed to a point
measurement [8]. The full field data collected represents normal and shear deformations
and strains in any direction. The data collection method is non-contacting aside from the
thin layer of speckle applied to the surface of the material in question [9]. The speckle
pattern and camera lenses determine the length scale used. DIC has been demonstrated at
length scales ranging from meters [10] to nanometers [11]. The time scale of DIC is
dependent on the camera settings, and has been demonstrated at time scales ranging from
hours [12] to microseconds [13].
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When measuring deformation with DIC, the procedure starts by applying a speckle
pattern. There are three major requirements for the speckle pattern [14]. First, the speckle
needs to be high contrast, utilizing the full range of pixel values on the sensor. An exception
is made here for high temperature measurements because of changes in light. At high
temperatures a metric called delta is introduced that represents the median 90% of the pixel
values [15]. This metric is recommended to be at least 50 when performing high
temperature measurements using an 8-bit camera, for which pixels range from 0 (black) to
255 (white). Second, the speckle pattern must be non-repeating. This requirement ensures
that subsets of the image are unique and will not be mismatched by the correlation
algorithms. Third, the speckle must be isotropic to prevent measurement bias in any
particular direction.
After the specimen is speckled and before beginning the test, a reference image is
collected against which to compute all future deformation. Then during the experiment,
images are gathered which are compared against the reference image. Once the images are
loaded into a correlation program, per user specifications, the images are divided into
subsets [16]. Selection of subset size is typically done in pixels and is dependent on the
images used. It is recommended that a single subset contains three speckles in both
directions [17].
The program then compares the deformed images to the reference image using a
correlation algorithm to track the motion and deformation of each subset. The simplest DIC
algorithm is called Sum of Squared Difference (SSD) and is shown in Eq 1.1 [7]. This
equation does not account for changes in light over an experiment. For high temperature
experiments, it is important to account for emitted light [18]. For this there is another DIC
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algorithm called Zero-Normalized Sum of Squared Differences (ZNSSD) and is shown in
Eq 1.2 [7].

𝑖=𝑁,𝑗=𝑁
𝐶𝑆𝑆𝐷 = ∑𝑖=1,𝑗=1 [𝑓(𝑥𝑖 , 𝑦𝑗 ) − 𝑔(𝑥𝑖 ′ , 𝑦𝑗′ )]

𝐶𝑍𝑁𝑆𝑆𝐷

𝑓(𝑥𝑖 ,𝑦𝑗 )−𝑓𝑚

𝑖=𝑁,𝑗=𝑁
= ∑𝑖=1,𝑗=1 [

∆𝑓

−

2

𝑔(𝑥𝑖′ ,𝑦𝑗′ )−𝑔𝑚
∆𝑔

(1.1)
2

]

(1.2)

Where
1

1

𝑖=𝑁,𝑗=𝑁

𝑓𝑚 = (2𝑁+1)2 ∑𝑖=1,𝑗=1 𝑓(𝑥𝑖 , 𝑦𝑗 ) ,
𝑖=𝑁,𝑗=𝑁
∆𝑓 = √∑𝑖=1,𝑗=1 [𝑓(𝑥𝑖 , 𝑦𝑗 ) − 𝑓𝑚 ]

𝑖=𝑁,𝑗=𝑁

𝑔𝑚 = (2𝑁+1)2 ∑𝑖=1,𝑗=1 𝑔(𝑥′𝑖 , 𝑦′𝑗 )
2

𝑖=𝑁,𝑗=𝑁
∆𝑔 = √∑𝑖=1,𝑗=1 [𝑔(𝑥𝑖′ , 𝑦𝑗′ ) − 𝑔𝑚 ]

2

To quantify the deformation that occurs between the reference and deformed
images, the program attempts to minimize the value of C as expressed in equations (1.1)
and (1.2). Should C = 0, this indicates a perfect match, although in practice, this is nearly
impossible due to experimental noise.
The research in this thesis will use the ZNSSD algorithm because the experiments
discussed have high temperature configurations.

1.1. DIC at Extreme Temperatures
While DIC has the advantage of being non-contacting, there are challenges to using
this technique at extreme temperatures. The speckle pattern must have the ability to
withstand the test temperatures without flaking or burning off [8].To solve this obstacle,
high temperature paints [19] or materials such as cobalt oxide are used [20]. In addition,
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the camera must be able to bypass the light emitted by the specimen when heated above
500°C. The emitted light is known to be brighter at longer wavelengths (e.g. red), and can
therefore be mitigated using lights and filters that have a shorter wavelength (e.g. blue).
The blue-filtering approach was first utilized by Grant et al [21] in 2D-DIC, then later
extended to 3D-DIC by Chen et al [20] to capture strain at 1000°C and 1100°C
respectively. Further expanding the temperature range of the blue lights and filters, Wang
et al was able to capture strains at 2000°C [22]. Recently, Pan et al achieved meaningful
results at 3000°C [23]. This was achieved using a three-step process which required camera
settings to be changed over three discrete temperature ranges.
Moving to even shorter wavelengths, Berke and Lambros showed that, for a given
set of camera settings, ultraviolet (UV) lights, cameras and filters remain minimally
saturated at temperatures that unfiltered and blue-filtered DIC saturate, shown in Figure
1.1. Their UV-DIC method was initially demonstrated up to 1125°C, but was later extended
to at least 1600°C by Thai et al [24]. Later, Thai et al documented the effects of changing
a UV camera’s exposure time mid test [25]. Expanding UV-DIC into 3D measurements,
Nickerson and Berke demonstrated that Diffraction Assisted Image Correlation (DAIC)
could be performed at high temperatures using a single camera equipped with UV
illumination, UV filtering, and diffraction gratings [26]. Additionally, Hansen et al
developed a UV zoom lens to extend UV-DIC to higher magnifications than could be
achieved with commercially-available lenses [27].
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Figure 1.1: Images taken from Hastelloy-X at the temperatures indicated in (top row)
unfiltered white light, (middle row) filtered blue light, and (bottom row) filtered UV light.
The UV-filtered images remain minimally affected by light at temperatures above which
the other two conditions have already saturated (Adapted from Berke and Lambros [28]).

Unfortunately, most commercially-available high-speed cameras do not detect
much light in the UV spectrum. In this work, to extend the detectable wavelength range of
a high-speed camera, a commercially available device called a UV intensifier or UV
amplifier is attached to the lens mount of the high-speed camera used. The UV amplifier
used in this thesis uses a second generation quartz micro-channel plate (MCP) with a
proprietary green phosphor [29]. Utilizing the UV amplifier, the high speed camera can
now perform UV-DIC. The feasibility of the UV intensifier is tested by determining the
ability of the high-speed camera and amplifier in three different experiments: first under a
quasi-static loads up to high temperature (1600°C); second at high speed but at room
temperature; and third at high speed and high temperature (850°C).

1.2. Speckle Pattern Inversion
The speckle pattern used in DIC can be understood as a superposition of the
reflected and emitted light [30]. As the specimen is heated, the emitted light may become
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more intense than the reflected light. For certain pairs of materials, when these lighting
conditions are present, a phenomenon known as speckle pattern inversion occurs. If the
background was dark and the speckle was lighter at room temperature, then the speckle
would appear to be a bright background on a less intense speckle at higher temperatures.
This phenomenon can be prevented through the use of optical bandpass filters.
In situations where using filters is not possible, Thai et al. proposed a subtraction
approach to capturing DIC images at high temperature [31]. To demonstrate this method,
Thai et al. performed a quasi-static test where at high temperature, an image was taken with
external lights turned on, which produced an image that consisted of both emitted and
reflected light. Then, with nominally no motion between the images, a second image was
taken with the external lights turned off to produce an image that consisted of only emitted
light. Subtracting these two images produced an image without the emitted light, but
retained the strain information due to thermal expansion. A major drawback to this method
is that the two images subtracted must have minimal to no motion between them.
The research in this thesis expands upon this method by replacing Thai’s UV
camera and lights with a color camera paired with a blue light source. This technique uses
the concept that a color camera captures three simultaneous images in three overlapping
color spaces (red, green, and blue). Because the light source emits only blue wavelengths,
the green images at high temperature contain only light emitted by the specimen, while the
blue room temperature images contain reflected light. These images are then postprocessed to create an artificial image at high temperature without speckle pattern
inversion, which is then correlated against images at room temperature. Most importantly,
because the artificial image at high temperature does not require the subtracting of images,
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this method can be applied to study much faster motion compared to Thai’s original
subtraction method.
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CHAPTER 2
HIGH SPEED ULTRAVIOLET DIGITAL IMAGE CORRELATION (UV-DIC) FOR
DYNAMIC STRAINS AT EXTREME TEMPERATURES

2.1. Prologue
This chapter is the current version of a manuscript being prepared for submission
to Review of Scientific Instruments. The author list for the manuscript is Lindsey J.
Rowley, Thinh Q. Thai, Alisa Dabb, Benjamin D. Hill, Brandon A. Furman, and Ryan B.
Berke.

2.2. Abstract
Using an image intensifier connected to a high speed camera, ultraviolet digital
image correlation (UV-DIC) at high speed was investigated. The device was compared
over three different experiments to determine if using the image intensifier allowed UVDIC data to be collected at high temperature and high speed. In addition, the experiments
were performed with the base camera to determine if the intensifier effected the data
collected. The image intensifier was successful in collecting high temperature data up to at
least 1600°C in a quasi-static environment. At high speeds and high temperature, it was
able to collect data up to 850°C limited by the experimental setup. In both cases, the image
intensifier increased the noise of the measurement.
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2.3. Introduction
In extreme temperature aerospace applications, such as during hot-fire rocket
testing [1], materials must withstand high-speed loads under challenging environments [2].
Under such conditions, the use of strain gages is difficult because gages may either burn
up or break free of a specimen’s surface [3], so non-contact strain measurements become
preferable [4]. One non-invasive and non-contacting way to collect mechanical data during
these tests is Digital Image Correlation (DIC) [5]. DIC is a method of measuring
displacement using cameras and a specimen with a thin speckle pattern painted on its
surface [6].The camera then takes pictures of the speckle pattern as the specimen deforms
[7]. Once a test is complete the gathered pictures are correlated using a computer algorithm
to determine full-field deformation [8].
At extreme temperatures, there are two main challenges to perform DIC: first, the
surface pattern must be able to withstand the environment without breaking loose or
discoloring [9]; and second, when objects are heated above about 550°C, they emit light in
the form of blackbody radiation which can saturate the camera sensors [10]. The emitted
light is known to be brighter at longer wavelengths, and can be mitigated using optical
band-pass filters. This filtering approach was first demonstrated in 2D by Grant et al [11]
and extended to 3D by Chen et al [12], who used blue-range filters to measure strains up
to 1000°C and 1100°C, respectively. The blue-filter approach was later demonstrated to
1500°C by Novak and Zok [13], 2000°C by Wang et al [14], and ultimately to 3000°C by
Pan et al [15]. More recently, it has been shown that by using ultraviolet (UV) cameras,
lenses, and filters, the temperature range can be extended further, as UV light has an even
shorter wavelength than blue. In a study by Berke and Lambros, blue-filtered DIC saturated
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at temperatures as low as 900°C while UV-DIC remained minimally saturated at 1125°C
[16]. UV-DIC has since been demonstrated to work at temperatures of at least 1600°C [17],
but its upper temperature limit remains unknown. The upper limit of these filtering methods
are not only dependent on the wavelength of light, but also the light sensitivity of the
cameras [18].
At high speeds, DIC has successfully detected full field deformation with strain
rates at or above 1000 𝑠 −1 [19]. At these strain rates Sutton et al. performed a room
temperature tensile Kolsky bar study. Using a high speed camera and DIC they measured
the strain along the length of the tensile specimen [20]. Using a similar DIC analysis Gilat
et al. proved that the deformation during the test was not always uniform, and that it varied
along the specimen [21]. Due to a similar disparity in DIC and strain gage data, Foster et
al. used high speed cameras during their experiment to observe the strain rate dependence
of Polycarbonate and Polymethyl-methacrylate. Foster et al. used the data collected during
their study to further the development of a material model for polymers [22]. Using a stereo
DIC setup Molina-Viedma et al. analyzed the modal characteristics of a multicomponent
automotive system [23]. The light system investigated was composed of multiple materials
complicating the data collected during the vibration test. Later, Song et al. used a similar
setup to Gilat et al. to test the stress response of 4330-V steel. Song was able to use DIC
and high speed cameras to determine the displacement across the entire specimen,
including both the gage and non-gage regions [24].
While DIC has been used separately in many high speed or high temperature
applications, there are fewer examples that involve both high temperature and high speed
combined. A DIC study performed by Abotula et al. involved using high speed cameras to
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measure the dynamic response of Hastelloy X at high temperatures. The Hastelloy X
specimens were loaded using a compressive shock tube apparatus at both room temperature
and at 900°C. They concluded that the specimens absorbed 110% more deformation energy
at 900°C than at room temperature [25]. This study showed a drop-in yield strength at the
higher strain rates. Song et al. used their tensile Kolsky bar to characterize iridium at high
temperatures [26]. Using high speed DIC they evaluated deformation uniformity under
dynamic loading. They tested DOP-26 iridium alloy at 750°C and 1030°C, at strain rates
of ~1000 𝑠 −1 and 3000 𝑠 −1 [27]. In a more recent study, Cady et al. measured the
temperature dependence of shear in high purity beryllium with an impurity level less than
1%, using DIC and a Kolsky bar [28].
To date, the extreme temperature capabilities of UV-DIC have yet to be presented
for high speed applications. In this work, a UV amplifier was coupled with a high-speed
camera to demonstrate the validity of the UV amplifier by three separate experiments. Test
A is a quasi-static high temperature test performed on graphite rods, demonstrating the
cameras’ ability to record meaningful UV images over a broad range of temperatures. Test
B is a dynamic, high-speed test performed on 304 stainless steel, demonstrating the ability
to detect meaningful deformation using high speed UV images. Test C is similar to test B,
but includes induction heating to repeat the measurement at high temperatures. The
experiments show that the UV amplifier enables high temperature and high speed UV-DIC
measurements to at least 1600°C, but the resulting measurements are significantly noisier
than those made without the UV amplifier at lower temperatures.
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2.4. Methods
The ability of the UV amplifier to enable UV-DIC at both high temperature and
high speed is demonstrated over a series of three tests as summarized in Table 2.1.

Table 2.1: Test matrix
Test A: Quasi-static Test B: Vibration
Heating
Method
Loading
Method

Joule Heating

Test C: High-Temp
Vibration
Room Temperature Induction Heating

Thermal Expansion Electrodynamic
Shaker

Electrodynamic Shaker

In test A, a graphite specimen is heated to 1600°C in vacuum under quasi-static
conditions to confirm that the UV amplifier can obtain coefficient of thermal expansion
(CTE) results. In test B, a 304 stainless steel plate is vibrated at its fifth resonant mode to
confirm that the UV amplifier can obtain dynamic displacement measurements which are
comparable to those already established at high speed without an amplifier. Finally, in test
C, the vibration experiment is paired with an induction heater to demonstrate UV-DIC
under combined high temperature and high-speed conditions.
Each test mentioned in Table 2.1 was conducted two times: first without any UV
equipment, and second with a UV amplifier, UV optical bandpass filter, and UV light
source. The camera used in all of the above tests was a Fastcam SA3 model from Photron
[Tokyo, Japan]. The camera can record at its full resolution of 1024x1024 pixels up to a
maximum rate of 1,000 frames per second, or at reduced resolution up to 100,000 frames
per second. It should be noted that, because the specimen used in test A was significantly
smaller than in tests B and C, it required a different lens and light source in order to achieve
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a meaningful resolution, as well as different camera and amplifier settings in order to
achieve sufficient brightness. The exact settings and resolutions used in each test are listed
in Table 2.2.
During the UV amplifier portions of the experiment, the high-speed camera was
attached to a UVi 1850-10 amplifier from Invisible Vision [Norwich, United Kingdom].
This amplifier contains a proprietary phosphor which absorbs UV light and emits visible
light, thereby effectively converting the UV light into a wavelength that the camera can
see. The amplifier requires the use of two lenses: a Nikon 50 mm focal length interface
lens in between the camera and amplifier, and either a Tonika 100mm AT-X Pro Macro
100 F2.8 D lens for test A or Nikon RayFact PF10545MF-UV 105 mm focal length
objective lens [Tokyo, Japan] for test B & C to receive light before it enters the amplifier.
In the visible light experiments, for which no UV amplifier is used, the objective lens is
attached directly onto the high-speed camera. In the UV experiments, the objective lens is
additionally equipped with an XNite 330C UV bandpass filter from LDP LLC [Carlstadt,
NJ, USA] to screen out visible light and ensure that only UV light enters the amplifier.
A summary of the camera and lens settings for tests A-C is given in Table 2.2. Although
the exact settings varied between tests, the settings were selected to ensure that all tests had
a comparable image contrast as determined at room temperature. Specifically, the exposure
time was selected based on the needs of the test (relatively unimportant for quasi-static
measurements in test A, but dependent on resonant frequency in tests B & C) and the
camera sensitivity (which depends on the exposure time of the camera, the aperture of the
lens, and the gain on the UV amplifier [29]) which was further adjusted until the difference
between a typical dark pixel and a typical light pixel was about 50 greyscale values, as
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recommended by Phillip Reu [30] and formalized for high temperature by Thai et al [18].
Representative speckle images for each of the three tests are included throughout the
following subsections.

Table 2.2: A summary of camera setting for each test
Camera Settings
Test A:
Test B:
Test C: High
Quasi-static
Vibration
Temperature
Vibration
FPS
2,000
5,000
Exposure
100 µs
Objective Lens Aperture
f/5.6
f/8
Resolution
896x368
1024x192
Amp Gain (when in use)
37%
45%
Amp Exposure (when in use)
100µs
Amp Aperture (when in use)
f/1.4

2.4.1. High Temperature Quasi-Static Test (Test A)
A series of high temperature tests were conducted on graphite specimens
comparable to those used by Thai et al. [18]. The graphite specimens provided a naturally
dark background on which white speckles were applied using Pyropaint 634-AL paint
[Aremco, Clarkstown, NY, USA] and then cured according to the manufacturer
instructions. In vacuum, the graphite remains naturally dark up to its melting point on the
order of 3000°C, while the white paint is rated to 1800°C. Figure 2.1 shows a picture of
the specimen (a)-(b), and its speckle pattern (c).
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Figure 2.1: Side view of specimen with dimensions (a). Complete machined specimen
with speckle pattern applied (b). Close up of speckle pattern (c).

Heating and loading were applied using a Gleeble 1500D thermo-mechanical
system that consists of a load frame and resistive heater inside of an environmental
chamber. The Gleeble environmental chamber has a window of sufficient size and material
to allow either UV or visible-light images to be taken during a test. The window is
supported on O-rings to maintain vacuum seal. The vacuum ensures that the graphite
specimen does not oxidize at temperatures above 400°C.
The two camera setups used for DIC are shown mounted over the viewing window
of the Gleeble system in Figure 2.2. Part (a) of the figure shows the unfiltered setup which
consists of the high speed camera and the 100 mm objective lens, but without any of the
UV equipment. Part (b) shows the same camera additionally equipped with the 50 mm
interface lens, UV amplifier, and UV filter. Both assemblies were supported using an
aluminum T-slot frame and an optical breadboard platform from Thor Labs [Newton, NJ,
USA]. The unfiltered system was illuminated by a pair of blue LED ring lights from CCS
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Inc [Boston, MA USA], and the UV system was illuminated by a SOLIS-365C high power
LED light from Thor Labs.

Figure 2.2: (a) Gleeble setup without UV equipment. (b) Gleeble setup with UV amplifier
and UV equipment

Test A followed the general procedure of Thai et al. [18], aside from the cameras
and optics which were used. The specimen is heated twice: first with one K-type
thermocouple in the middle and another at one end in order to determine the temperature
profile, and then again with the middle thermocouple removed as to not obstruct the camera
view for DIC. This has the added benefit that, although K-type thermocouples are limited
to temperatures below 1250°C, the Gleeble can receive feedback control from a
thermocouple at the relatively cooler end while the center of the specimen is heated up to
1600°C. More details on the 2-thermocouple method are given in [18]. Pictures were taken
throughout the heating process at increments of 100°C up to the maximum temperature of
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1600°C. After the images were taken in both setups, the DIC data was used to compute the
coefficient of thermal expansion (CTE).

2.4.2. Room Temperature Vibration Test (Test B)
In test B, the high-speed camera was used to measure the vertical displacement along the
free edge of a vibrating plate specimen at room temperature. The specimens are rectangular
cantilevered plates, machined from 304 stainless steel, and mounted to the top of a Data
Physics Signal Force electrodynamic shaker [San Jose, CA, USA] using a rigid steel
clamping block. The plate had length L = 11 inches (279.4 mm) perpendicular to the clamp,
width W=8 inches (203.2 mm) parallel to the clamp, and thickness t = 0.120 inches (3.05
mm). The dimensions were selected using equations from Furman et al. [31] such that the
plate’s 5th resonant mode (shown in Figure 2.4) had a resonant frequency of approximately
400 Hz. Such plates are especially useful in vibration-based fatigue testing [32].
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Figure 2.3: (a) Vibration System with non-UV Setup (b) Vibration System with UV-DIC
Setup(c) Close up of plate specimen.

The front edge of the plate was painted with a base white VHT high temperature
paint, and a speckled with black VHT high temperature paint as seen in Figure 2.3(c). Both
paints are rated to 1093°C. The VHT paint was cured per the manufacturer instructions to
prevent discoloration during the high temperature portions of the experiment (test C). The
specimens were then monitored using test setups shown in Figure 2.3. Part (a) of the figure
shows the unfiltered test setup comparable to the one used in Figure 2.2(a); part (b) shows
the UV light setup comparable to Figure 2.2(b); and part (c) shows a representative image
of the speckle pattern along the free edge of the plate. It should be noted that because the
plates are so thin, in order to zoom in closely and increase the number of pixels through
the thickness, the far-left edge of part (c) is at the center of the plate while the far-right
edge of part (c) is near the node line illustrated by the black line in Figure 2.4. Included in
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Figure 2.4 is a dashed box that illustrates the field of view monitored by the high-speed
camera.

Figure 2.4: Example of a two-stripe mode simulated using FEA with black stripes
indicating the two nodal lines, and a dashed box indicating the field of view of the
camera.

Next, a resonant search and dwell (RSD) test is performed at the resonant frequency
of interest. During the test, the shaker records the phase angle of the vibrometer and
accelerometer measurements to ensure the resonant mode motion is maintained. The
accelerometer was attached to the clamping block and a laser vibrometer was aimed near
the free edge of the plate. During the room temperature test, the shaker excited the plate
such that the vibrometer measured an acceleration at 150g’s. Once the test was completed
the velocity data and subsequently the displacement data derived from the laser vibrometer
was exported and used to compare to the DIC data that was collected in parallel.
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2.4.3. High Temperature Vibration Test (Test C)
In Test C, the combined high temperature and high-speed capabilities of the system
are demonstrated by repeating the vibration method from Test B with the addition of
induction heating. The specimen was heated using a SI-10KWHF induction heater from
Superior Induction [Pasadena, CA, USA] paired with a flat, pancake-type coil [9]. During
the high temperature vibration test, the specimen temperature was monitored using an
A6751SC thermal camera from FLIR [Woburn, MA, USA]. Because the induction coil and
thermal camera are non-contacting, the instruments applied and monitored temperatures
without affecting the resonant displacement of the specimen. Figure 2.5 has an image of
the equipment setup for test C with the induction heater and thermal camera labeled.

Figure 2.5: High temperature vibration test setup with thermal equipment labeled
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The specimen was heated to a maximum temperature of 850°C, which occurred
near the center of the free edge opposite from the clamp, as shown by the temperature
distribution in Figure 2.6. With the center of the free edge heated to approximately 850°C
the resonant frequency of the plate changes significantly compared to at room temperature.
This change in frequency is due to both the change in stiffness as the plate as the heats up
and by residual strains present due to constrained thermal expansion. At this temperature
and for the plate used in the high temperature portion of the experiment, the frequency
changed from 427 Hz at room temperature in test B to 371 Hz at high temperature in test
C.

Figure 2.6: Plate specimen heated to 850°C viewed by the thermal camera, with the
spiral-shaped “pancake” coil visible behind the glowing plate.
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Unlike the test B configuration, the laser vibrometer was not placed at the free edge
of the plate. This is due to the glowing that occurs at the heated edge. Instead, the
vibrometer was placed at a known location further away from the area of heating. The
displacement of the free edge was then assessed by reproducing test C in a finite element
simulation, with heterogeneous material properties informed by the temperature field in
Figure 2.6, and the magnitude of vibration scaled by the average displacement measured
by DIC at the center of the plate.

2.4.4. Post-Processing
The strain data was calculated by processing the high-speed images in VIC-2D, a
DIC algorithm by Correlated Solutions [Irmo, SC, USA] which is widely used in the
experimental mechanics community. Due to the differences in the specimen size, lighting
conditions, and temperature range, the correlation settings between test A and tests B and
C differed slightly between tests, as summarized in Table 2.3. The test A results were used
to calculate thermal strains, which were then used to compute the CTE. The results for tests
B and C were used to compute vertical displacements, which were then compared to the
known mode shape.

Table 2.3: Summary of correlation settings with size of subset areas
Correlation Settings Test A: Quasi-static
Test B: Vibration
Test C: High
Temperature
Vibration
Unfiltered
UV
Unfiltered
UV amplifier
amplifier
Subset Size (pixels)
49x49
31x31
Step Size (pixels)
5
3
Area Of Interest
719x175
48x1020 45x1020
48x1020
(pixels)
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2.5. Results

2.5.1. High Temperature Quasi-Static Test (Test A)
Figure 2.7 shows images collected at select temperatures for each test setup of test
A. The unfiltered images begin to show emitted light as early as 800°C and are completely
saturated by 1600°C. The images collected with all UV equipment do not show any emitted
light across the temperature range of the test. Histograms of the pixel values for the images
taken at 60°C, 800°C, 900°C, 1000°C, and 1600°C are shown at the end of each row in
Figure 2.7. For the unfiltered images, the histograms shift towards the right until the final
image is completely saturated at 1600°C. This is consistent with other high temperature
UV-DIC experiments [16], [18], [33]. For the filtered images, the histograms remain
relatively constant for all temperatures.
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Figure 2.7: Speckle images of the specimen at each temperature with the different
methods.

A comparison between filtered and un-filtered displacement data at 800 °C, which
is the highest temperature for which the un-filtered images remain minimally saturated, is
shown in Figure 2.8. The contours are the displacement in the v-direction along the length
of the specimen. In direct comparison both contours in Figure 2.8 have a gradient from top
to bottom. The contours have similar magnitudes and are plotted using the same color scale,
but the UV amplifier method, shows slightly greater displacement than the unfiltered
method and the contour is visibly noisier.
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Figure 2.8: Contour comparison from Test A: (a) unfiltered at 800°C, (b) UV amplifier at
800°C (c) UV amplifier at 1600°C

The contour plot resulting from the image at the maximum temperature of the UV
amplifier method is shown in Figure 2.8(c). As expected, the displacements are
significantly larger compared to at 800°C.
The CTE of the specimens in Test A was calculated using Eq. (2.1)

𝐶𝑇𝐸 =

𝜀𝑥𝑥 𝑎𝑣𝑔
∆𝑇

(2.1)

Where:
εxx avg = The average strain correlated between a reference image at room temperature and
a deformed image at high temperature images
∆T= the change in temperature between the room temperature and high temperature
images.
Using Eq (2.1), a histogram for the CTE at 800°C and 1600°C is shown in Figure
2.9. The vertical black line indicates the mean value of each histogram, which is
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additionally reported in the figure legend, while the blue dashed lines indicate one standard
deviation of each measurement. In particular, parts (a) and (b) show that the two camera
systems produce comparable mean values, but the UV amplifier is noisier by an order of
magnitude. Part (c) shows that the UV amplifier has slightly reduced noise at higher
temperatures.

Figure 2.9: CTE histograms for (a) unfiltered correlation at 800°C (b) UV amplifier
method at 800°C (c) UV amplifier method at 1600°C

Repeating the calculation for every temperature in the experiment, the average CTE was
calculated and plotted in Figure 2.10.

Figure 2.10: Average CTE as a function of temperature
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2.5.2. Room Temperature Vibration Test (Test B)
Selected contours resulting from the room temperature vibratory test are shown in
Figure 2.11. The contours show the peak displacements over the course of one vibratory
period, as plotted over a reference image at zero displacement. The top image is computed
using unfiltered visible light and the bottom image was computed using the UV test setup.

Figure 2.11: DIC Contours comparing the unfiltered and UV amplifier portions of test B

Figure 2.12 displays, for ten select images spanning the period one oscillation, the
v displacement as a function of the x location for each setup in test B where each line is a
separate image. To get a single line for each image the v-displacement was averaged in the
y-pixel direction. The dashed line at the top of each plot in Figure 2.12 is the average value
of displacement as measured by the vibrometer for each test. This value was calculated
from the Data Physics software as the magnitude of the integrated velocity. Both plots are
comparable in scale, but the measurements obtained using the UV amplifier are
significantly noisier.
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Figure 2.12: V displacement plotted from DIC (a): Unfiltered method, (b): UV amplifier
method

2.5.3. High Temperature Vibration Test (Test C)
A correlation resulting from Test C is shown in Figure 2.13. This correlation is a
contour at the maximum displacement. This contour has less vertical color changes than
the room temperature data.

Figure 2.13: Contours from test 3C at 850°C

Similar to the data processing of test B, the data collected during test C was used to
create displacement curves as shown in Figure 2.14. When compared to the previous
displacement curves in Figure 2.12, the Figure 2.14 curves show even more noise within
each image.
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Figure 2.14: Displacement of plate during Test C

2.6. Discussion

2.6.1. High Temperature Quasi-Static Test (Test A)
The two sets of images shown in Figure 2.7 demonstrate the need for the UV
amplifier. The first row is the unaided high-speed camera, and this image set saturates at a
relatively low temperature of 900°C. In contrast the last row of Figure 2.7 doesn’t saturate.
The emitted glow does not appear in any of the images taken with the UV amp method.
This suggests that the UV amplifier could capture data at a higher temperature if the testing
apparatus could exceed 1600°C.
The next set of images collected were the contours from DIC found in Figure 2.8.
Looking at the two DIC contours, the shapes between them look similar. The unfiltered
image has a more uniform contour, but both contours have a similar shape and distribution.
The less uniform contour is likely due to the use of the UV amplifier. In Figure 2.8(c), a
contour collected from the UV amplifier with the specimen at 1600°C is shown. This
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contour has the expected gradient present in the other DIC contours of test A, but not as
abrupt as the contours shown in Figure 2.8(a).
The CTE results in Figure 2.10 show that there is a wide range of CTE values
computed. In the higher temperature ranges (from 700°C and above) when strains are
higher there is less variability in the UV amplifier CTE calculation. In Figure 2.9, the
histograms indicate that the standard deviation in the data collected using the unfiltered
camera shown in Figure 2.9(a), is relatively low in comparison to the standard deviation of
UV amplifier data shown in Figure 2.9(b). In addition, as the temperature goes from 800°C
to 1600°C, the standard deviation of the UV amplifier data drops.

2.6.2. Vibration Test (Test B & Test C)
The vibrometer data shown in Figure 2.12(a) shows that the value measured by the
laser vibrometer are near the max values of DIC data collected. The vibrometer was slightly
lower than the DIC data. This difference at peak was approximately 0.12 mm, or 2 pixels
in DIC. The results from Figure 2.12(a) contrast with Figure 2.12(b) where the vibrometer
data agrees with DIC data.
The contours shown in Figure 2.11 indicate the unfiltered test B and the UV
amplifier test B have a similar shape and max displacement. This shows good agreement
between the two methods tested. The displacement plots shown in Figure 2.12 further
support this conclusion. Figure 2.12 shows that while there is more noise to the correlation,
the half parabolic trend between the unfiltered test B and UV amplifier test B is present.
The resulting contours from the high temperature tests are shown in Figure 2.13.
The contour shows a few dropped subsets which are likely caused by the change in the
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paints at the higher temperatures. In addition to the dropped subsets, the displacement plots
shown in Figure 2.14 include the noise generated from the gain of the amplifier. With both
phenomena present the expected mode shape is prevalent in the plot. Since the base camera
cannot be used at the high temperature because of over saturation. The results from the
high temperature portion of the vibration test will be compared to a FEA model generated
with similar conditions.

2.6.3. Model Comparisons (Test C)
For the high temperature portion of the experiment, the vibrometer had to be moved
away from the plate edge during the test. As such it required a different method to verify
the validity of the high speed and high temperature experiment. To do this a modal
simulation was performed using the experimental data obtained during the test. The results
from the simulation along with data from the maximum deformation during test C are
shown in Figure 2.15.

Figure 2.15: Modal simulation at max deflection plotted with DIC data
at max deflection
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Since modal simulations produce mode shapes which are proportional in shape but
independent of excitation level, the results from the simulation had to be scaled such that
the peak was at the same magnitude as the DIC data. Shown by Figure 2.15, the DIC data
shows a close trend with the modal simulation of the plate. This demonstrates that data
collected by the UV amplifier in both a high speed and high temperature environment
follows expected trends. Using the UV amplifier has increased the temperature range in all
cases. With this increase in temperature range there was a small decrease in the clarity of
the images. This is likely due to a mismatch in the resolution of the amplifier in comparison
to the camera.

2.7. Conclusion
In environments where the light emitted by a glowing specimen saturates the
camera sensor, the UV amplifier helps increase the useable temperature range of the
camera. In the quasi-static portion of the experiment, the UV amplifier allowed useful data
collection up to 1600°C filtering out all emitted light. The high speed and high temperature
portion of the experiment allowed data collection at a framerate of 5000 fps, and a
temperature of 850°C. It was shown that the UV amplifier does reduce the clarity of the
image taken, but this reduction in clarity does not largely affect the DIC results. The
increase of UV light sensitivity allows UV-DIC techniques to be used in a high-speed test.
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CHAPTER 3
CORRECTING FOR DIC SPECKLE INVERSION AT HIGH TEMPERATURE USING
COLOR CAMERAS

3.1. Prologue
This chapter is the current version of a manuscript being prepared for submission to
Strain. The author list for the manuscript is Lindsey J. Rowley, Thinh Q. Thai, Steven R.
Jarrett, Ryan B. Berke.

3.2. Abstract
For certain materials used in digital image correlation tracking patterns, a specimen
that is initially speckled with a dark background and a light speckle at room temperature
may invert at high temperature. This phenomenon is known as speckle pattern inversion.
One method of mitigating speckle pattern inversion is the subtraction method. Taking two
images at high temperature, one with containing emitted light only (a lights-off image) and
one containing both emitted and reflected (a lights-on image). Then subtracting the two
images, yields an image that contains reflected light only thus removing the speckle pattern
inversion. This method cannot have motion between the emitted light only, and emitted
and reflected light images, therefore it is limited to quasi-static tests.
This paper introduces another method, the histogram rescaling method, which is
not constrained to quasi-static tests. Using the color channels on a color camera, the green
channel provides the emitted light only image, and the room temperature blue channel
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provides a base reflected image. Since multiple high temperature images aren’t need, the
new method isn’t constrained to quasi-static experiments. The histogram rescaling method
was compared to the subtraction method, and a filtered approach. The results of the
experiment showed comparable results between the three methods, with the histogram
rescaling method having a smaller difference relative to the filtered method than the
subtraction method.

3.3. Introduction
Mechanical characterization in extreme temperature environments has become
more important in fields such as aerospace where engineered devices are subject to these
extreme environments [1].Typically, strain gages are often used to characterize mechanical
properties, but in extreme environments this is difficult because strain gages are too easily
damaged and are unable to monitor strain for the full duration of tests [2]. To circumvent
this environmental challenge, Digital Image Correlation (DIC) has the advantage that it is
non-contacting and is thus not vulnerable to the same damage as strain gauges, while also
collecting data in full-field resolution [3]. DIC works by applying a high-contrast random
speckle pattern to the surface of a deforming object, then using a digital camera to record
images of the pattern before and after deformation. A correlation algorithm compares the
images to compute full-field displacements, from which derivatives are usually taken to
compute full-field strains [4].
For DIC to be useful for measuring strain in high temperature environments, two
key issues must be addressed. First, the applied speckle pattern needs to withstand the test
environment without discoloring or leaving the surface [5]. To solve this, high temperature
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paints or materials such as cobalt oxide are often used [6]. Second, the emitted light due to
blackbody radiation, created by heating an object above 500°C, must not interfere with the
cameras view of the specimen. The emitted light is known to be brighter at longer
wavelengths and can be mitigated using an optical bandpass filter which admits shorter
wavelengths.
Within the visible spectrum, blue filters were first introduced by Grant et al. in 2D
up to 1000°C, [7] and later used by Chen et al. in 3D up to 1100°C [6]. The upper
temperature limit has since been extended several times: first by Novak and Zok up to
1500°C [8], then by Wang et al. up to 2000°C [9], and ultimately by Pan et al. up to 3000°C
[10]. DIC has also been demonstrated using shorter wavelengths of light. Ultraviolet DIC
(UV-DIC) was first demonstrated in 2D by Berke and Lambros, and remained minimally
saturated at 1125°C under camera settings for which unfiltered and blue-filtered DIC
otherwise saturated [5]. The technique was later applied in 3D by Nickerson and Berke
using UV diffraction gratings to perform diffraction-assisted image correlation (DAIC)
[11]. Hansen et al. built and demonstrated a custom UV zoom lens to apply UV-DIC during
higher magnification measurements [12]. Thai et al. later successfully utilized UV-DIC to
capture DIC data to at least 1600°C [13], [14], though they noted that the upper temperature
limit of DIC depends not only to the wavelength of light, but also to the sensitivity of the
camera at those wavelengths.
For certain pairs of materials used when preparing a high temperature speckle
pattern, materials which appeared to be darker at room temperature may emit more light at
high temperature such that the speckle pattern appears to be inverted at high temperature
[15]. This occurrence is caused by differences in emissivity between the paint and the
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specimen. In experiments where data is collected over large temperature ranges, speckle
inversion can prevent DIC algorithms from correlating properly. This concept of a
difference of emissivity and adjusting for this difference is an approach used by Archer et
al. to correct for speckle pattern inversion in global DIC. They achieved this by determining
the emitted and reflected light levels for each of the two materials in the speckle pattern,
and introducing grey level corrections in terms of displacement corrections [16]. Their
approach was used to successfully implement DIC at 1850°C on a ceramic sample which
produced inverted images. However, such corrections made by post-processing images
must be made very carefully so as not to corrupt the intended measurements.
As an alternative approach, Thai et al. presented two methods to mitigate speckle
pattern inversion by accounting for differences between reflected and emitted light [17]. In
their first method (Method A), they took a series of 4 images: (A.1) first at room
temperature with the external lights off, which nominally contained no light except for the
minimal ambient room light; (A.2) second at room temperature with the external lights on,
which nominally contained only the light reflected by the test specimen; (A.3) third at high
temperature with the external lights on, which contained a superposition of both reflected
and emitted light; and finally (A.4) an additional image at high temperature with the
external lights off, which contained only the light emitted by the high temperature
specimen. Images A.3 and A.4 had minimal movement between them, but both had
displacement data caused by thermal expansion relative to image A.2. By subtracting these
two images, an artificial image A.5 was created that contained the displacement data, but
not the emitted light caused by blackbody radiation. This method allows for continued
pattern-tracking after speckle pattern inversion, but has the drawback that no motion can
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occur between the two images used for the creation of the artificial image. This limits the
use of the technique to quasi-static experiments. The following manuscript replaces Thai’s
UV lights and camera with a blue light and a color camera, such that speckle pattern
inversion corrections can be calculated by comparing the data collected by the blue and
green channels of the color camera.
The idea of using color cameras in DIC is not a new concept. Such cameras have
the advantage of collecting data in three overlapping color spaces, each mapped onto
common coordinates. Using color filters Li et al. were able to create a pseudo-stereo DIC
system in which stereo data was collected using a single camera [18]. Further extending
this technique, Yu and Pan used a single high speed color camera to perform stereo DIC
during a vibration test [19]. Later Dong et al. used a filtering technique with a single color
camera to create a dual field of view video extensometer [20]. The appeal of using a single
color camera to capture stereo measurements using the techniques in [18]–[21] as opposed
to a greyscale camera allows the use of the full camera sensor as opposed to one sensor to
capture two half images [11]. A separate technique used by Bao et al. implemented a color
camera in order to compensate for heat haze caused by a temperature gradient in the air
[22].
In this work, Thai’s work was expanded further by using a color camera paired with
a blue light source to capture images with and without reflected light. A MATLAB script
separated the images into their respective color spaces (red, green, and blue). The green
high temperature and blue low temperature images were compared. Creating a cumulative
histogram from the blue and green channels a color transformation between the cumulative
histogram values was made. This interpolation mapped the blue pixels in the same space
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as the green pixel creating an artificial blue image and keeping the displacement data
unaffected. Since the speckle pattern inversion corrections aren’t dependent on image
collection happened at the same time, this method is not limited to quasi-static experiments.

3.4. Methods
This alternative approach was tested by replicating the thermal expansion test
performed by Thai et al. [17] except substituting a different camera and lighting. The
material and specimen used for the thermal expansion test was a graphite dog bone
specimen with a square gage section to provide a flat surface on which to perform 2D-DIC.
Given the naturally dark background of the graphite, only a light colored speckle was
needed to have a sufficient speckle pattern for DIC. The specimen was painted using
Pyropaint 634-AL white paint [Aremco, Clarkstown, NY, USA] and following the
procedure provided by the manufacture were cured accordingly. A diagram of the specimen
and its dimensions are shown in Figure 3.1.

Figure 3.1: Draft of specimen with dimensions (Top).
Close up of speckle pattern (Bottom).
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The thermal expansion test was performed in a Gleeble 1500D using joule heating
within its environmental chamber.

The specimen was tested in vacuum to prevent

oxidation. Heating was performed by running a large electrical current through the
electrically-conducting specimen. The temperature during the test was monitored using the
two thermocouple method presented by Thai et al. [23], which is summarized as follows.
First, the specimen was heated and monitored using two K-type thermocouples: one placed
in the center of the specimen and the second at a known distance from the center. The
specimen was heated until the center thermocouple reported a temperature of 1200°C, at
which time the second thermocouple (which was closer to the water-cooled grips) reported
a significantly lower temperature. The measurements between the two thermocouples are
linearly proportional and are related by a linear fit. The specimen was then cooled and the
center thermocouple was removed so as not to obstruct the DIC area of interest. The
specimen was then heated a second time until the second thermocouple reported a value
that matched the linear fit in which the center of the specimen was 1200°C.
During the thermal expansion test, two sets of four images were collected following
the same general procedure by Thai et al. [17], except using blue lights and a color camera
instead of UV lights and cameras. A summary of the images is shown in Figure 3.2. Images
A.1 and B.1 were recorded at a temperature of 60°C with the lights off, and therefore
contain minimal light. Images A.2 and B.2 were also recorded at 60°C but with blue LED
lights on, so the red and green channels of the images still contain minimal light but the
blue channel contains significant reflected light. Images A.3 and B.3 were then recorded at
1200°C with the lights still on. In A.3, the red and green channels contain light emitted by
the specimen at high temperature but minimal reflected light, whereas the blue channel
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contains a superposition of both emitted and reflected light. In B.3, the filter prevents most
of the emitted light from reaching the camera except for blue emitted light, which is
minimal. Finally, images A.4 and B.4 were recorded at 1200°C with the LED lights turned
back off. A.4 contains emitted light in all three channels, whereas B.4 only contains
whatever emitted light passes through the blue filter.

Figure 3.2: Table with emitted and reflected light portions for test images

All images were recorded using a Basler Ace ac4600c-10uc camera [Basler,
Ahrensburg, Germany] equipped with a 60 mm Nikkor lens [Nikon, Tokyo, Japan]. Images
A.1-4 were taken without any additional filtering, as opposed to images B.1-4 which were
taken with a 450 nm blue optical bandpass filter [Midwest Optical, Palatine, IL, USA].The
filter was fixed to a swivel mount such that it could be easily added or removed in between
images without touching the camera or lens. Images A.2, A.3, B.2, and B.3 were
illuminated using LDR2-90-30-BL2 blue LED ring lights [CCS Inc, Woburn, MA, USA].
The following camera settings were used: an exposure time of 35,000µs, an aperture of
f/11, and no gain. This test setup is shown in Figure 3.3.
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Figure 3.3: Test setup with Basler camera, blue LED ring lights, and filter

Using the images collected, three methods were used to correct for speckle pattern
inversion. The first two methods (method A and method B), were used by Thai et al. to
correct for speckle pattern inversion in UV-DIC [17]. Here, a third method (method C) is
introduced using a color camera. In method A, image A.4 (which is inverted and contains
only emitted light) is subtracted from image A.3 (which is inverted and contains both
reflected and emitted light) to create a new artificial image A.5 (which is un-inverted and
contains only reflected light). The new A.5 image is then correlated against room
temperature image A.2 to determine thermal strain. In method B, the emitted light is
already restricted by the bandpass filter and the resulting images do not feature inversion,
and therefore do not require post processing for the strain measurement.
Method C uses the same un-filtered images from test A, but constructs its artificial
image using spatial information only from image A.3. The procedure is summarized in
Figure 3.4. Each pixel in the region of interest is assumed to contain some area fraction of
paint, fp, and some area fraction of graphite, fg = 1-fp. However, for any given pixel on the
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camera sensor, the fractions of paint and graphite change over time due to displacements
caused by thermal expansion from 60°C to 1200°C. Although the exact fractions are
unknown, it is assumed that the brightest percentiles of un-inverted pixels, α, tend to have
the highest fractions of paint, whereas the corresponding darkest percentiles of inverted
pixels also have the highest fractions of paint.
To perform method C, images A.2 and A.3 were first separated into their distinct
color components (R, G, and B). The blue component of image A.2 (A.2B, shown in Figure
3.4 (a)) contains only reflected light and is un-inverted, while the green component of A.3
(A.3G , shown in Figure 3.4(b)) contains only emitted light and is inverted. A histogram
of the pixel values for image components A.2B and A.3G is shown in Figure 3.4(c),
accompanied by cumulative histograms in Figure 3.4(d). The cumulative histogram for
A.3G is flipped such that high percentiles (α) correspond to darker pixels and therefore
higher fractions of paint, whereas the cumulative histogram for A.2B is un-flipped such
that high percentiles also correspond to higher fractions of paint. An artificial image is then
constructed from image A.3G by (step 1) identifying each pixel’s corresponding percentile
on the cumulative A.3G curve; (step 2) interpolating the pixel value of the corresponding
percentile on the A.2B curve; and (step 3) generating a new artificial image C.5 shown in
Figure 3.4(e). This new image contains all the displacement data of A.3, but with pixel
values un-inverted to match the greyscale distribution in A.2B. The new image C.5 is then
correlated against the blue component of the image at room temperature, A.2B.
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Figure 3.4: Summary of method C (a) blue channel of A2, (b) green channel of A3, (c)
image histograms for both images (a-b), (d) cumulative histogram of images (a-b), (e)
image generated from method C

Once all three methods were employed to get three pairs of images, each pair was
separately correlated against image A.2 using VIC-2D [Correlated Solutions, Irmo, SC]
such that all three results were automatically mapped onto common coordinates. All three
methods were correlated with the same correlation settings. The subset size was 151 x 151
pixels, the step size was 28 pixels, and the strain window was 41 subsets. Using the strain
data collected, comparisons were made using MATLAB. A summary of the correlation

68
procedure for the three methods can be found in Figure 3.5. Method B does not require any
post processing to determine thermal strain but does require post processing to compare
methods A and B.

Figure 3.5: Summary of correlation procedure

To compare methods A and B, images A.2 and B.2 need to be correlated to obtain
the thick glass displacements caused by the bandpass filter, as described by Thai et al. [17].
Then images A.2 and B.3 need to be correlated to determine the thermal strain with the
thick glass displacement. Subtracting the B.3 correlation from the B.2 correlation results
in thermal strain from the filtered images that are in the same coordinates as the unfiltered
images and therefore can be directly compared. Since the image generated from method C
is just the blue channel of the images collected, image C.5 was correlated against the blue
channel of image A.2.

3.5. Results
Representative excerpts of all eight raw images are shown in Figure 3.6. Images
A.1, B.1, and B.4 contain minimal light and are uniformly dark. Images A.2, B.2, and B.3
contain only reflected light from a blue light source, and thus the white speckles appear
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blue when viewed as a color image. In Images A.3 and A.4, the glow from black body
radiation is very noticeable as bright orange light, and because the graphite background
glows brighter than the white paint, the speckle pattern inverts. Of the inverted A images,
A.3. has a blue tint because it contains both reflected blue light and orange emitted light,
while A.4 contains only emitted light and is not tinted blue.

Figure 3.6: Representative excerpts of each image taken during the experiment, as labeled
in Figure 3.2

3.5.1. Method A (Subtraction Method)
Figure 3.7 shows the two speckle images used in Method A to compute thermal
expansion. The first image, A.2K, is obtained by converting the raw color image A.2 to
greyscale in order to perform DIC. The second image, A.5K, is obtained by first subtracting
A.4 from A.3, and then converting the result to greyscale. The resulting images are visibly
darker compared to the color images but preserve the general shape of the original speckle
pattern.
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Figure 3.7: Images A.2K and A.5K which are correlated to perform method A. For
legibility, the images have been artificially brightened by multiplying all pixels by a
uniform factor of 2.0. No artificial brightening was applied during correlation.

A contour plot of the thermal expansion strains obtained by Method A is shown in
Figure 3.8. As expected, the contour plot shows relatively uniform strains in response to
thermal expansion under relatively uniform temperatures, with a few extreme red near the
edges of the image. The mean strain in the contour is 5495 με, with a standard deviation of
1641με.

Figure 3.8: 𝜀𝑥𝑥 calculated using image A.5.
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3.5.2. Method B (Blue Filtering Method)
Figure 3.9 shows two versions of the images correlated to perform Method B. The
left versions, B.2K and B.3K, were obtained by converting the raw color images to
greyscale to perform DIC. The right versions, B.2B and B.3B, were obtained by isolating
just the data from the blue channels from the rest of the images. The blue channel versions
are visibly brighter compared to the full color images because the red and green channels
are not included in the final image.

Figure 3.9: Images B.2 and B.3 taken for method B. For legibility, the K images have
been artificially brightened by multiplying all pixels by a uniform factor of 2.0. No
artificial brightening was applied during correlation.

As explained by the flow chart in Figure 3.5, images B.2 and B.3 were each
correlated individually against image A.2 to produce data having the same coordinates as
method A. The resulting correlations were subtracted from each other to correct for relative
displacements caused by the thick glass filter. The resulting correlation data is shown in
Figure 3.10. The apparent strain measured from using a filter is shown in Figure 3.10(a)
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and Figure 3.10(d). The contours in Figure 3.10(b) and Figure 3.10(e) are the strain
measurements that include thermal strain and the apparent strain from using a filter. The
bottom contours, Figure 3.10(c) and Figure 3.10(f), shows the thermal strain present in
method B in the same coordinate system as method A. The mean strain in the contour of
the greyscale image is 4954με, with a standard deviation of 722 με and the mean strain in
the contour of the blue channel image is 4699 με, with a standard deviation of 1278 με.

Figure 3.10: Strain contours of greyscale RGB images (a) B.2K, (b) Image B.3K, (c)
B.3K – B.2K Strain contours of blue channel images, (d) B.2B, (e) Image B.3B,
(f) B.3B – B.2B
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3.5.3. Method C (Histogram Rescaling Method)
Figure 3.11 shows the two speckle images used in the correlation for method C.
The images are noticeably brighter than the images used in method A and B because only
the blue channel is used.

Figure 3.11: Image set used for correlation of method C

The resulting thermal expansion strains are shown in Figure 3.12. The thermal
strain contour follows a similar trend to the previous two contours. The mean strain in the
contour is 5717 με, with a standard deviation of 661 με.
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Figure 3.12: 𝜀𝑥𝑥 calculated using image C.5

3.6. Discussion
Compiling the mean and standard deviation from each method yields Table 3.1.
Between all the methods below method C has the smallest standard deviation, this shows
a more precise measurement. Opposed to method C, method A has the largest standard
deviation.

Table 3.1: Summary of the statistical analysis for each method
Method
Average (με)
Standard Deviation (με)
A
5495.2
1641
Greyscale - B

4954.6

722

Blue Channel - B

4699.8

1278

C

5717.0

661

The greyscale method B looks like the most accurate of the method B data sets used
in this experiment. This is unexpected. Based on how color cameras function the blue
channel of the camera acts as a natural blue filter. As such the light from the method B
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portion of the experiment is filtered twice, once using the bandpass filter in front of the
lens, and then again before the light hits the sensor.
The data collected from the strain correlation was used to make two comparisons.
A comparison between method A and B, and another comparison between method B and
C. These two comparisons outline what effect each method has on the resulting strain
measurement when compared to a test were there was no post processing in the image.
Figure 3.13 presents the differences between methods A and C in comparison to method
B. Both plots were graphed using a percent difference equation, as shown in Eq. 3.1.

% 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =

|𝜀𝑥𝑥𝐴,𝐶 − 𝜀𝑥𝑥𝐵 |

*100

𝑚𝑒𝑎𝑛(𝜀𝑥𝑥𝐴,𝐶 + 𝜀𝑥𝑥𝐵 )

(3.1)

The top plot of Figure 3.13 shows agreement between the exx data of methods A
and B. The average percent difference for this plot is 15.30%, but there are a few yellow
hotspots near the edges of the contours. The hotspot in the bottom left and bottom right of
the top plot also appears in the contour for method A, but not in method B. This difference
is an artifact of the correlation, as these occur on the edges of the image. The hotspot in the
bottom right of the top plot in Figure 3.13 is similar to the left two hotspots, but to a lesser
extent because the spike in the strain contour is more localized.
The next comparison is between methods B and C. This comparison is shown in
the bottom plot of Figure 3.13. This plot has an average percent difference of 11.22%. This
suggests that there is less disagreement on average between methods B and C with respect
to the comparison of method A and B. The edge of the bottom plot has a large difference
on the left and top right corners. The spikes in the plot are in similar locations between the
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bottom and top plots, but the bottom plot takes up a more continuous area. These areas of
large difference can be seen in the strain contours as well.

Figure 3.13: Percent difference calculated between (a) methods A and B and (b)
methods B and C

3.7. Conclusion
In summary, three methods were presented for mitigating speckle pattern inversion
at high temperature. Of the three methods, Method C is the most precise in that it has the
lowest standard deviation of strain for a nominally uniform thermal expansion. Compared
to Thai’s subtraction method (Method A), Method C also has the advantage that it does not
require subtracting two images collected at different times, which means Method C is not
limited to quasi-static measurements. Compared to Thai’s UV-filtering method (Method
B), our paper used a blue filter which has a slightly longer wavelength but is more generally
applicable to a wide range of visible-range cameras, including most high-speed cameras.
This allows for speckle pattern correction in different testing environments.
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CHAPTER 4
CONCLUSIONS

The goal of the research presented in this thesis was to further expand DIC material
testing in high speed and high temperature environments. Prior to this work, it had been
shown that the use of ultraviolet lenses and filters can better suppress the light emitted by
specimens at high temperature, but ultraviolet cameras are relatively slow on the order of
40 frames per second. It had also been shown that speckle pattern inversion can be
suppressed without ultraviolet filters by subtracting images, but that technique was even
slower because it required two images to be taken at different times with no motion in
between them.
In Chapter 2, the use of an UV amplifier was investigated to pair UV-DIC with a
high speed camera. This device, when attached to a standard high speed camera, allowed
the camera to capture light in the UV wavelength range. Using the high speed camera and
UV amplifier assembly, a series of experiments were carried out that tested the limits of
the two. These experiments tested (A) the high temperature capabilities, (B) the high speed
capabilities, and finally (C) a combination of the two.
The results from those experiments showed that while the device reduced the clarity
of the images collected, it was capable of furthering the usable temperature range of the
high speed camera to at least 1600°C in the quasi-static experiment, and to at least 850°C
in the high temperature and high speed experiment. The temperature limit of 850°C was
due to the steel plate specimen and the induction coil used to heat it, not an inherent limit
of the camera. In principle, a combined high speed and high temperature experiment should
continue to work to temperatures of at least 1600°C given an appropriate specimen and
heating method. During the high speed experiment the high speed camera was able to
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collect UV-DIC data at 5000 fps, which is 125 times faster compared to other commercial
UV cameras.
In Chapter 3, a new histogram rescaling method was explored to eliminate speckle
pattern inversion. The method used the working principles behind a color camera to filter
out light emitted at high temperatures. By taking a reference image at a lower temperature
where the specimen is not glowing and a deformed image at high temperature where the
speckle pattern had inverted, a relationship between the two images was calculated. Using
this relationship, an artificial image was created where the spatial information due to
thermal expansion strain was present without the blackbody radiation that caused the
speckle pattern inversion.
The artificial image was then correlated and compared with two other methods (the
subtraction method and filtering method) for eliminating speckle pattern inversion. Of the
three methods presented, the histogram rescaling method had the lowest standard deviation.
When comparing both the subtraction and the histogram rescaling method to the filtered
method, the average difference was 15.3% and 11.22% respectively. This showed that the
histogram rescaling method was on average closer to the unprocessed method.

